Vibrio parahaemolyticus and Vibrio vulnificus can grow rapidly in shellfish subjected to ambient air conditions, such as during intertidal exposure. In this study, levels of total and pathogenic (tdh ؉ and/or trh ؉ ) V. parahaemolyticus and total V. vulnificus were determined in oysters collected from two study locations where intertidal harvest practices are common. Samples were collected directly off intertidal flats, after exposure (ambient air [Washington State] or refrigerated [New Jersey]), and after reimmersion by natural tidal cycles. Samples were processed using a most-probable-number (MPN) real-time PCR method for total and pathogenic V. parahaemolyticus or V. vulnificus. In Washington State, the mean levels of V. parahaemolyticus increased 1.38 log MPN/g following intertidal exposure and dropped 1.41 log MPN/g after reimmersion for 1 day, but the levels were dependent upon the container type utilized. Pathogenic V. parahaemolyticus levels followed a similar trend. However, V. vulnificus levels increased 0.10 log MPN/g during intertidal exposure in Washington but decreased by >1 log MPN/g after reimmersion. In New Jersey, initial levels of all vibrios studied were not significantly altered during the refrigerated sorting and containerizing process. However, there was an increase in levels after the first day of reimmersion by 0.79, 0.72, 0.92, and 0.71 log MPN/g for total, tdh ؉ and trh ؉ V. parahaemolyticus, and V. vulnificus, respectively. The levels of all targets decreased to those similar to background after a second day of reimmersion. These data indicate that the intertidal harvest and handling practices for oysters that were studied in Washington and New Jersey do not increase the risk of illness from V. parahaemolyticus or V. vulnificus.
V ibrio spp. are the leading cause of seafood-associated infectious illness and mortality in the United States (1) . The two species most frequently associated with infection are Vibrio parahaemolyticus and Vibrio vulnificus. V. parahaemolyticus is the most frequent cause of vibriosis, and infection typically results in a mild self-limiting gastroenteritis (2) (3) (4) . On average, an estimated 300 cases of V. parahaemolyticus are confirmed in the United States annually, primarily associated with the consumption of raw oysters (1, 3) . Infections from V. vulnificus are less common than those from V. parahaemolyticus, with an estimated 100 cases occurring annually on average in the United States (1, 3) . However, V. vulnificus infections can be more severe, potentially leading to sepsis and death (5, 6) . The approximate case fatality rate for V. vulnificus infections is 35%, making it the most deadly food-borne pathogen (3) .
Pathogenicity of V. parahaemolyticus is generally associated with the presence of the thermostable direct hemolysin (tdh) and/or the tdh-related hemolysin (trh) genes (2, (7) (8) (9) . Although recent evidence suggests that there may be additional factors responsible for differential virulence of this organism (10, 11) , the tdh and trh genes remain the most reliable indicators of virulence currently available. Therefore, understanding the growth and survival of strains carrying these genes, in addition to total V. parahaemolyticus populations, is important for evaluating the potential risk of illness from shellfish consumption. Some genetic markers for V. vulnificus virulence have been identified, such as variants in the 16S rRNA gene and the virulence-correlated gene (vcg) (12, 13) . However, the reliability of these markers is still under investigation (14) , and available testing methods are suitable only for genotyping isolated colonies. As shellfish regulatory guidance recognizes that the presence of tdh ϩ and/or trh ϩ V. parahaemolyticus may present an increased risk to public health but still considers all V. vulnificus bacteria to be equally virulent, this study examined both total and pathogenic V. parahaemolyticus, but only total V. vulnificus.
Vibrio spp. can grow rapidly in shellfish once removed from the water and exposed to ambient air conditions (15) (16) (17) (18) (19) . In some oyster growing areas of the northern United States with semidiurnal tides (two high tides and two low tides per day), oysters are exposed to ambient air temperatures during the intertidal period. This period of exposure to ambient temperatures and radiant heat provides suitable conditions for rapid multiplication of vibrios in the oysters. When oysters are submersed with the incoming tide, the accumulated vibrios are subject to being purged. While some data are available on the growth and purging of V. parahaemolyticus in oysters harvested from tidal flats, the information is very limited (20) . We hypothesize that ambient air exposure during the natural tidal cycle will significantly increase the levels of Vibrio spp. in the oysters, but these increased levels will return to preexposure levels after tidal resubmersion. Therefore, the objective of this study was to determine the effects of intertidal harvest practices on the levels of total and pathogenic (tdh ϩ and/or trh ϩ ) V. parahaemolyticus and total V. vulnificus in oysters from two study locations: Totten Inlet, Washington State, and Delaware Bay (Cape Shore Region), New Jersey.
MATERIALS AND METHODS

Experimental design.
For the studies in Totten Inlet, Washington State, samples were collected by hand from intertidal flats as the water was receding (low tide), exposing the oysters to ambient air conditions (initial harvest). Following commercial practices, additional initial harvest oysters were placed into bags and oyster tubs (cubic yard metal framed cages with 2-in. square holes; a line and float were attached to the tub to facilitate retrieval of the tub at high tide) and placed back on the flats. Maximumexposure samples were collected after ϳ4 h of exposure prior to the incoming high tide submersing the bags and tubs of oysters. After the oysters had been submersed for two high tides (ϳ18 h), samples were collected using a crane on a barge as the second high tide began to fall. Additionally, when available (two of four trials), freshly harvested oysters from the tidal flats were collected as background controls once exposed by the receding tide. The entire experiment was repeated four independent times between 10 July and 21 August 2013. A tide chart with sampling points from one representative Washington experiment is shown in Fig. 1 .
For the studies in Delaware Bay, New Jersey, samples were collected by hand from intertidal flats near the peak of the outgoing tide, when oysters were exposed to ambient air conditions (initial harvest). Following commercial practices, oysters were brought to a sorting facility, graded, packed into containers, and then held overnight (ϳ24 h) under refrigeration. The containerized oysters were placed back on the flats at a point in the tidal cycle similar to the point that they had been collected the previous day. Samples were collected as the containerized oysters were placed on the flat, after they had been submersed for two high tides (ϳ24 h), and after they had been submersed for four high tides (ϳ48 h). Background samples of freshly harvested oysters from the flats were collected concurrent with the resubmersed samples. The entire experiment was conducted three times between 15 July and 15 August 2013. A tide chart with sampling points from one representative New Jersey experiment is shown in Fig. 2 .
All samples collected at the indicated time points were bagged and placed in an insulated container with ice packs. Samples from Washington and New Jersey were shipped overnight to the U.S. Food and Drug Administration Gulf Coast Seafood Laboratory (GCSL) on Dauphin Island, Alabama. A temperature recording device was included in each shipment.
Sample analysis. Samples received by the GCSL were analyzed within 1 h of receipt (usually within 24 h of collection). At each sampling point, replicate samples (two to four samples) were processed as previously described (21); each sample was comprised of six to eight individual oysters. Briefly, three tubes of multiple dilutions in alkaline peptone water (APW) (1% peptone, 1% NaCl; pH 8.5 Ϯ 0.2) were prepared and incubated at 37°C for 18 to 24 h. Aliquots from tubes with visible growth were heated to 100°C for 10 min to prepare crude DNA lysates. Lysates were immediately frozen at Ϫ20°C and stored until tested by real-time PCR.
Total V. vulnificus, total V. parahaemolyticus, and pathogenic V. parahaemolyticus were identified using real-time PCR methods for the vvh, tlh, and tdh and trh genes, respectively (22) . All assays were conducted on the ABI 7500 Fast PCR system (Life Technologies, Foster City, CA) in 96-well plates or 8-tube strips. Default analysis parameters were used in software Primers for detection of total V. vulnificus were originally described by Campbell and Wright (24) , while sequences for identification of total and pathogenic V. parahaemolyticus were described by Nordstrom et al. (23) .
All primers and hydrolysis probes were purchased from Integrated DNA Technologies (IDT) (Coralville, IA) or Life Technologies.
Statistical analysis. Estimates of abundance of vibrios were derived from real-time PCR results using a standard most-probable-number (MPN) table (25) . The MPN estimates were determined for each replicate sample (two to four samples) collected at each sampling point and then were pooled across trials for further analysis. Summary statistics (mean and standard deviation) were determined for each combination of gene target and treatment group at each study location, based on observations pooled over independent experiments. Statistical significance of the observed differences in mean vibrio densities was assessed by one-way analysis of variance (ANOVA), applied to each of the four gene targets at each study location separately. Multiple pairwise comparisons between treatment group means were assessed by t tests based on the common pooled estimate of the standard deviation determined by each ANOVA. Estimates of abundance were log transformed prior to statistical analysis. In the instances where samples were below the limit of detection (LOD), half the LOD was substituted. An alpha level of 0.05 was selected as the criterion for statistical significance and following a per comparison error rate control approach (26) , P values were unadjusted for the total number of pairwise comparisons. All statistical calculations were performed using the R programming language (27) .
RESULTS
Totten Inlet, Washington. Initial harvest samples from Washington had mean levels of total V. parahaemolyticus of 2.18 Ϯ 0.83 log MPN/g (Fig. 3) . After intertidal exposure, these levels increased to 3.56 Ϯ 0.50 log MPN/g. Following reimmersion by the incoming tide, oyster samples from harvest bags and harvest tubs contained mean levels of 2.02 Ϯ 1.17 and 2.28 Ϯ 0.95 log MPN/g of V. parahaemolyticus, respectively. The background samples (freshly harvested oysters from the same tidal flat) contained a mean of 2.45 Ϯ 1.17 log MPN/g of V. parahaemolyticus.
Pathogenic V. parahaemolyticus levels were 0.05 Ϯ 0.82 and 0.83 Ϯ 0.91 log MPN/g in initial harvest samples from Washington for tdh and trh, respectively. Following intertidal exposure, tdh and trh levels were 0.89 Ϯ 0.84 and 2.44 Ϯ 0.83 log MPN/g, respectively. Oysters resubmersed in harvest bags contained Ϫ0.02 Ϯ 1.15 and 0.34 Ϯ 1.03 log MPN/g, while those in harvest tubs contained 0.06 Ϯ 0.98 and 0.50 Ϯ 0.79 log MPN/g of tdh and trh V. parahaemolyticus, respectively. Background samples collected concur- The mean internal oyster temperature at the initial harvest was 20.7°C Ϯ 1.8°C. Ambient air temperatures averaged 17.5°C Ϯ 2.6°C at the initial harvest, increasing to 19.7 Ϯ 3.4°C when samples were collected after intertidal exposure approximately 4 h later. During this exposure period, internal oyster temperatures increased to an average of 28.1°C Ϯ 4.2°C. The increase in temperatures corresponded with a statistically significant (P Ͻ 0.05) increase in the levels of total and trh ϩ V. parahaemolyticus, but not for tdh ϩ V. parahaemolyticus (P ϭ 0.10) or V. vulnificus (P ϭ 0.87). The internal oyster temperatures after reimmersion were representative of the water from which they were collected, with the average temperatures of oysters from harvest bags and tubs being 15.8°C Ϯ 1.4°C and 17.0°C Ϯ 0.2°C, respectively. The reimmersion of oysters for 1 day resulted in significantly (P Ͻ 0.05) lower levels of total and pathogenic V. parahaemolyticus and V. vulnificus. The differences in the levels of total and pathogenic V. parahaemolyticus and V. vulnificus between initial harvest, background samples, and the samples collected from harvest bags and tubs after 1 day of reimmersion were not significant (P Ͻ 0.05).
Delaware Bay, New Jersey. The mean total V. parahaemolyticus level in oysters initially harvested from New Jersey tidal flats was 4.22 Ϯ 1.20 log MPN/g. After the oysters were sorted and refrigerated overnight, the mean level was 3.74 Ϯ 0.23 log MPN/g in containerized oysters placed back on the tidal flat. After 1 day of reimmersion by the incoming tides, the levels increased to a mean of 4.52 Ϯ 0.49 log MPN/g, while the concurrent background samples (freshly harvested from the same tidal flat) had a mean of 3.80 Ϯ 0.57 log MPN/g of total V. parahaemolyticus (Fig. 4) . Following a second day of reimmersion, the mean V. parahaemolyticus levels in containerized oysters and concurrent background oysters were 4.09 Ϯ 0.89 and 4.15 Ϯ 0.44 log MPN/g.
In New Jersey initial harvest oysters, mean tdh ϩ and trh ϩ V. parahaemolyticus levels were 1.94 Ϯ 0.93 and 2.08 Ϯ 0.97 log MPN/g, respectively. The mean levels were 1.94 Ϯ 0.39 and 1.92 Ϯ 0.48 log MPN/g for tdh ϩ and trh ϩ V. parahaemolyticus, respectively, in oysters after sorting and refrigeration. Following 1 day of reimmersion, the mean levels of tdh ϩ and trh ϩ V. parahaemolyticus were 2.66 Ϯ 0.66 and 2.83 Ϯ 0.83 log MPN/g, respectively, in containerized oysters; the mean levels in concurrent background samples were 1.71 Ϯ 1.08 and 1.66 Ϯ 0.80 log MPN/g. After the second day of reimmersion, the mean levels of 1.79 Ϯ 0.48 and 1.95 Ϯ 0.43 log MPN/g were observed for tdh ϩ and trh ϩ V. parahaemolyticus, respectively, in containerized oysters; concurrent background samples had 2.39 Ϯ 0.02 and 2.39 Ϯ 0.02 log MPN/g (Fig. 4) .
The mean levels of V. vulnificus in New Jersey oysters at initial harvest were 3.54 Ϯ 0.92 log MPN/g and 4.02 Ϯ 0.12 log MPN/g after containerizing. The mean V. vulnificus levels in oysters resubmersed for 1 day were 4.73 Ϯ 0.46 log MPN/g and 3.73 Ϯ 0.80 log MPN/g in concurrent background oysters. Following a second day of reimmersion, the mean V. vulnificus levels were 3.76 Ϯ 0.50 and 3.99 Ϯ 0.31 log MPN/g in containerized and concurrent background oysters, respectively.
The higher levels observed in containerized oysters after 1 day reimmersion versus concurrent background samples were statistically significant (P Ͻ 0.05) for tdh ϩ and trh ϩ V. parahaemolyticus and V. vulnificus, but not for total V. parahaemolyticus (P ϭ 0.09). However, after 2 days of reimmersion, containerized and background oysters did not contain significantly (P Ͻ 0.05) different levels of any Vibrio spp. tested.
DISCUSSION
Historically, sporadic outbreaks of V. parahaemolyticus have been associated with oysters harvested from Washington State (28) . More recently, outbreaks of V. parahaemolyticus have also been associated with oysters from the Atlantic Coast (29, 30) . A previous study demonstrated an increase in the level of V. parahaemolyticus in oysters exposed to ambient temperatures during the tidal cycle, but that abundance returned to lower baseline levels after one cycle of reimmersion of the oysters (20) . However, this previous study did not evaluate the effects of tidal exposure during typical industry harvest practices, which employ various holding containers, and it was limited to the Pacific Northwest. Therefore, in this study, we examined the effects of commercial practices on the levels of total and pathogenic V. parahaemolyticus, as well as V. vulnificus, in intertidal harvested oysters from Washington and New Jersey to more accurately evaluate the risk of these practices to public health.
In Washington, the mean abundance of total and pathogenic V. parahaemolyticus in exposed oysters trended upward by 0.8 to 1.6 log unit during the 4-h exposure period, with ambient air temperatures of 21 to 28°C, whereas V. vulnificus levels did not significantly increase. The tendency for one species to exhibit increased levels compared to another may be due to a competitive advantage in this particular niche or may be a response to an environmental factor that was not recorded in this study, as the internal oyster temperatures were permissible for growth of both species. However, additional experiments would be needed to examine this hypothesis. Regardless of the increase in total and pathogenic V. parahaemolyticus, the levels returned to those not significantly different from background or initially harvested samples, similar to previous observations (20) . The oysters in the previous study were not containerized, so it was unknown the effect containerizing the oysters would have. The data from this study indicate that purging of elevated Vibrio species levels by oysters is not affected by being containerized.
The oysters from the New Jersey study site were containerized and refrigerated prior to reimmersion on the tidal flats. This resulted in a consistent increase in the levels of all Vibrio spp. tested after 1 day of reimmersion. We hypothesize that this is due to the oysters not pumping initially after being returned, containerized, to the flats. This hypothesis is consistent with previous observations of an initial increase of Vibrio species levels in transplanted shellfish, prior to a decrease to ambient levels (17) . Also consistent with the study of Walton et al. (17) was the return of Vibrio species levels to levels not significantly different from the initial harvest or background samples following a second day of reimmersion.
As public health officials are continually looking to improve effectiveness of controls for reducing the potential of Vibrio species illnesses, examination of various shellfish harvest and handling practices is crucial. In this study, two methods of harvesting intertidal shellfish with the potential of increasing exposure to vibrios and risk of vibriosis were examined. The data indicate that the two harvest and handling practices for intertidal oysters that were studied in Washington and New Jersey do not increase the exposure to and risk of illness from V. parahaemolyticus or V. vulnificus.
